We study intersecting D-branes in type 0 string theories and show that the Dp ± -brane bound states obey similar intersecting rules as the Dp-branes of the type II theories. The D5 ± -D1 ± brane system is studied in detail. We show that the corresponding near-horizon geometry is the AdS 3 × S 3 × T 4 space and that there is no tachyon instability in this background. The Bekenstein-Hawking entropy is calculated. The worldvolume theory on the D5 ± -D1 ± system is also studied. This theory contains both bosons and fermions and it is seen to arise as a projection of the supersymmetric gauge theory related to the D5-D1 system of the type IIB theory. The Bekenstein-Hawking entropy formula is reproduced exactly using the dual conformal field theory.
Introduction
Recently there has been a renewed interest in the type 0 string theories [1, 2] . While in the type II theories the GSO projection acts independently on the left-and right-moving sectors, in the type 0 theories this projection ties both sectors together. More precisely, this so-called diagonal GSO projection is just (1 + (−1)
F +F )/2 in the NS − NS sectors and (1 ± (−1) F +F )/2 in the R − R sectors (the plus sign choice gives the type 0B theory and the minus sign the type 0A theory). The resulting string theories have worldsheet supersymmetry but no space-time supersymmetry. The closed string spectrum is divided in the following sectors (in the notation of [3] Notice that these theories have no fermions in the bulk. The massless bosonic fields are similar to the type II theories with the R − R fields doubled. In addition, there is a tachyon with m 2 = −2/α ′ coming from the (NS−, NS−) sector.
The doubling of the R − R sector in the type 0 theories has some interesting consequences. For each p (even or odd in the 0A or 0B theories, respectively) there are two (p + 1)-form gauge potentials A p+1 andĀ p+1 corresponding to the R − R sectors in (1.1). Thus, these theories will have two different types of Dp-branes and corresponding antibranes [4] . It is convenient to redefine the gauge fields and corresponding D-brane charges in the following way [4] (A p+1 ) ± = 1 √ 2 A p+1 ±Ā p+1 , q ± = 1 2 (q ±q) .
(1.2)
In this notation we have Dp + -branes, Dp − -branes and the corresponding anti-branes. A Dp + -brane carries the charges q = 1 =q and a Dp − -brane the charges q = 1 = −q. In the type 0B theory and for p = 3, the self-dual field strength F 5 = dA 4 and the anti-self-dual field strengthF 5 = dĀ 4 may be combined to form an unconstrained 5-form field strength. Then the D3 + -brane will be electrically charged and the D3 − -brane magnetically charged. Following a suggestion made by Polyakov [5] , and the earlier work on the AdS/CF T duality [6, 7, 8] , Klebanov and Tseytlin [4] used the type 0 string theory to study nonsupersymmetric non-conformal gauge theories. In particular, they considered the theory of N coincident electrically charged D3-branes (D3 + -branes). The corresponding effective worldvolume theory is purely bosonic and tachyon free. More precisely, it is the fourdimensional U(N) gauge theory with six adjoint scalars. It was then argued that the R − R flux in the type 0 dual background stabilizes the tachyon, as expected from the duality equivalence. Since then a few papers reporting results on this model appeared [9 − 14] (see also [15, 16, 17] for related work in non-critical strings).
In a related development, Klebanov and Tseytlin [18] also considered the theory of N D3 + -branes coincident with N D3 − -branes (N coincident D3 ± -branes 2 ). The novelty here is that the worldvolume theory for this bound state has fermions corresponding to open strings with one end on a D3 + -brane and the other end on a D3 − -brane. This theory is the conformal U(N) × U(N) gauge theory with six adjoint scalars and eight bifundamental Weyl spinors (four in the (N, N ) plus four in the (N, N) ). The dual type 0 background is the AdS 5 × S 5 space. Remarkably, the Dp ± -brane bound states of the type 0 theories share many properties of the BPS Dp-branes of the type II theories. In particular, two of such parallel branes satisfy the no-force condition [4, 18] (see also [12, 19] for details on the potentials between different type 0 D3-branes). The results described above lead us to consider the problem of intersecting Dp-branes in the type 0 theories. We shall start in section two by studying the forces between intersecting type 0 D-branes. We conclude that the Dp ± -brane bound states may be intersected according to the same rules of the type II theories. In section three we consider the D5 ± -D1 ± brane system and show that the corresponding near-horizon geometry is the AdS 3 × S 3 × T 4 space. In this background the tachyon field is stabilized. We calculate the Bekenstein-Hawking entropy in terms of the quantized D-brane charges. In section four we study the worldvolume theory associated to the D5 ± -D1 ± brane system. This theory contains fermions corresponding to strings with one end on a Dp + -brane and the other end on a Dp ′ − -brane. Also, we show that this gauge theory is a Z 2 projection of the type II gauge theory for the D5-D1 brane system, i.e. the compactification to two dimensions of a N = 1, D = 6 supersymmetric gauge theory [20] . By choosing an appropriate branch of our gauge theory, we define the dual conformal field theory and reproduce exactly the Bekenstein-Hawking entropy formula. We present our conclusions in section five.
Intersecting D-branes in type 0 string theory
We shall start by reviewing the results presented in [4] for the interacting energy between parallel D-branes. The type 0 D-branes were earlier studied in [21] by using the boundary state formalism (see also [22, 23, 24] for related work on the open string descendents of the type 0B theory). The cylinder amplitude between two likely charged parallel Dp-branes (i.e. between two Dp + -branes or two Dp − -branes) is obtained by omitting the R sector in the open string channel [21, 4] . The result is and the open string states are purely bosonic. In the closed string channel the amplitude (2.1) is seen to contain a term from the closed string tachyon, a term from the attractive NS − NS massless exchange and a term from the repulsive R − R massless exchange (which is twice the NS − NS attractive term because the R − R fields are doubled).
To calculate the cylinder amplitude between a Dp + -brane and a Dp − -brane, the correct projection in the open string channel is to retain the R sector only. The result is minus the amplitude in (2.1). However, in this case the open strings are associated with fermionic states. In the closed string channel we have a term from the tachyon and an attractive term from the NS − NS massless exchange (the R − R contribution to the interacting potential cancels).
A few interesting results follow from the previous analysis [4] . Firstly, the worldvolume theory of a Dp ± -brane bound state contains fermions arising from strings ending on branes with different charges and bosons arising from strings ending on likely charged branes. Secondly, the cylinder amplitude between two Dp ± -branes may be seen to vanish by adding the contributions from each constituent. Also, because q = 0 for the Dp ± -brane, it decouples from the bulk tachyon, i.e. it is not a source for such field (orq = 0 for the Dp ∓ -brane).
Now we turn to the case of intersecting D-branes. We want to calculate the interacting energy between a Dp-brane and a Dp ′ -brane in the type 0 theories. This problem is analogous to the type II case [25] . The open strings stretching between these branes will have either DD, NN or ND(≡ DN) boundary conditions. The only T-duality invariant quantity is the number of directions along which the open strings satisfy ND boundary conditions because the DD and NN boundary conditions are related by T-duality. Taking into account that the ghost contribution will cancel two of the (DD or NN) coordinates we have ♯ND = 8 − ♯(NN + DD). If ♯ND = 0 there are fermionic zero modes in the NS(−1) F sector and therefore this sector will not contribute (as well as the R(−1) F sector).
To calculate the cylinder amplitude between + (or −) charged Dp-and Dp ′ -branes we have to omit the R sector in the open string channel. The result is
where the branes intersect over a l-brane. If ♯ND = 0 (and therefore ♯(NN + DD) = 8) we obtain the contribution from the NS spin structure in the amplitude (2.1) (to which the contribution from the NS(−1) F spin structure must be added). To factorize the cylinder in the closed string channel we need to consider the limit t → 0. The result is
3)
The first term comes from the closed string tachyon and the second term from the NS − NS massless exchange. Note that the absence of the NS(−1) F sector reflects the fact that different D-branes do not interact through the R − R gauge fields [25] . Note also that the NS − NS massless exchange vanishes for ♯ND = 4 but the tachyonic term remains.
The cylinder amplitude between a Dp + -and a Dp 
Thus, the worldvolume theory of a Dp + -and a Dp ′ − -brane will contain fermions on their intersection. For small t, we found
Comparing with (2.3) we see that the sign of the tachyonic term is reversed while the term corresponding to the NS − NS massless exchange is the same. The potential between a Dp ± -and a Dp ′ ± -brane can be calculated by adding the potentials between the constituents. The result is twice the sum of (2.2) and (2.4). In particular, for ♯ND = 4 there is no force between these bound states. This is analogous to the type II case where for ♯ND = 4 we have a state preserving a fraction of the space-time supersymmetry, i.e. a stable BPS state. In the type II case we are led to study the D5-D1 brane system that corresponds to a 5-dimensional black hole in the dual gravitational description of the system [26, 27] . Here we shall study the D5 ± -D1 ± brane system of the type 0B theory. The worldvolume theory of such a bound state will contain fermions associated to open strings with one end on a + charged D-brane and the other end on a − charged D-brane, and bosons associated to strings ending on + charged D-branes or on − charged D-branes.
Finally, we consider the case ♯ND = 8 which deserves a separate discussion 3 [25] . In this case there are no fermionic zero modes in the R(−1) F sector which has to be included.
To calculate the amplitude for + (or −) charged Dp-and Dp ′ -branes we retain the NS open string sector. The result is
For a Dp + -and a Dp ′ − -brane we have the contributions from the R(−1) F and R sectors with the result
As in the type II theories, the cylinder amplitude between a Dp ± -and a Dp ′ ± -brane such that ♯ND = 8 will vanish by the abstruse identity.
3 The D5 ± -D1 ± black hole solution
In the remainder of this paper we shall study the D5 ± -D1 ± brane system. We start by considering the corresponding gravitational solution. The appropriate truncation of the type 0B effective action is [4] 
where
and a is a ten-dimensional index. The dilaton field φ has its zero mode φ 0 subtracted. We proceed by compactifying the above action to five dimensions with the ansatz [30] 
where I, J, ... = 6, ..., 9 and µ, ν, ... are five-dimensional indices. The field φ 6 is the dilaton field in the six-dimensional theory. We shall make the following ansatz for the 3-form field strengths F 3± and Ka luża-Klein field A 
where κ 
where ǫ is the unit 3-sphere volume form. It is easy to see that the magnetic ansatz for F ±µνρ automatically solves the corresponding equation of motion and that the functions A (K) (r) and A ± (r) satisfy 
this effective action takes the simple form
where˙denotes derivative with respect to τ and
(3.10)
The first term in the potential V comes from the tachyon mass, the second term from the curvature of S 3 and the remaining terms from the Ka luża-Klein, D1-branes and D5-branes charges. The equations of motion following from the action (3.8) should be supplemented with the zero energy condition [30]
To find the solution to the above system first we consider the tachyon field. For small T , we have f + (T ) ∼ 1/f − (T ) and therefore the function h 1 (T ) has an extremum at T = T 0 such that f + (T 0 ) = Q 1+ /Q 1− [18] . Similarly, the function h 5 (T ) has an extremum at T = T 0 such that f + (T 0 ) = Q 5− /Q 5+ . For Q p+ = Q p− ≡ Q p (p = 1 or 5) we have f + (T 0 ) = 1 which is solved by T 0 = 0 and it is consistent with the assumption that T is small (more generally if f + = f −1 − and f + (0) = 1 the argument will follow, e.g. for f ± = e ±T ). Thus, the tachyon equation is solved by T = 0. The solution for the dilaton field φ 6 becomes φ 6 = 0 (recall that φ 6 has its zero mode subtracted). Noting that h p (0) = Q 2 p , the solution is similar to the D5-D1 solution of the type IIB theory obtained in [30] using the above method. In terms of the ten-dimensional theory fields we have
Notice that we are considering the dilute gas regime r p ≫ r 0 , r K . The fields (α, β, γ, ρ) corresponding to the solution (3.12) are
Next we discuss the issue of stability of the background (3.12). We consider small perturbations of the tachyon field T around T 0 = 0. The leading quadratic terms in the potential V are seen to be
Asymptotically the background (3.12) is just Minkowsky space which is not stable because of the tachyon field. However, we are interested in the near-horizon geometry where we expect the tachyonic instability to be cured. The near-horizon region corresponds to the limit r → r 0 such that the dilute gas condition r p ≫ r 0 , r K , r holds. In this limit the metric in (3.12) becomes This geometry is the product of the BTZ black hole which is locally AdS 3 and S 3 × T 4 . In this background the potential V 2 becomes
Thus, the tachyon is stabilized for r 1 r 5 ≤ 4α ′ . 4 But this is precisely the region where the α ′ corrections to the gravity approximation are expected to be important. However, because the AdS 3 and S 3 radii are equal the Weyl tensor for this background cancels. Assuming that the α ′ corrections can be written in terms of the Weyl tensor we expect this geometry to be an exact solution of the theory [32] . Also, the stability condition for the tachyon field is expected to hold [18] . Next we quantize the parameters in the gravitational solution. This can be done by relating the quanta of D5 ± -brane, D1 ± -brane and Ka luża-Klein charge with the parameters r 5 , r 1 , r 0 and β. The result is 
We remark that the six-dimensional string coupling is g 6 = g/ √ v and that the condition to stabilize the tachyon derived above can be written as
We are now in position to calculate the Bekenstein-Hawking entropy in terms of the quantized charges. The result is
Notice that there is an extra factor of √ 2 in comparison with the type IIB case.
4 The D5 ± -D1 ± worldvolume theory
In this section we study the worldvolume theory of the D5 ± -D1 ± brane system. Our main goal is to derive the entropy formula (3.19) by considering a specific branch of this theory.
We shall see that the field theory for the D5 ± -D1 ± system is a projection of the type IIB field theory for the D5-D1 brane system. We start by analyzing the worldvolume field content on the D5 ± -D1 ± bound state. However, it is convenient to study instead the field theory on the T-dual D9 ± -D5 ± bound state. As explained in section two, strings with both ends on + charged or − charged D-branes give worldvolume bosons while strings with one end on a + charged D-brane and the other end on a − charged D-brane give worldvolume fermions. Schematically we may write Bosons : (5 ± , 5 ± ) ; (9 ± , 9 ± ) ; (5 ± , 9 ± ) ; (9 ± , 5 ± ) , Fermions : (5 ± , 5 ∓ ) ; (9 ± , 9 ∓ ) ; (5 ± , 9 ∓ ) ; (9 ± , 5 ∓ ) ,
where a (5 + , 5 + ) string represents a string with both ends on a D5 + -brane and so on. The corresponding massless modes that determine the field content of this gauge theory are 5 :
• (5 ± , 5 ± ) strings: One gauge vector A (I = 6, ..., 9) in the adjoint representation of U + (N 1 ) × U − (N 1 ).
• (9 ± , 9 ± ) strings: One gauge vector A (9,9) α and four scalar fields φ I (9,9) in the adjoint representation of U + (N 5 ) × U − (N 5 ).
• (5 + , 9 + ) and (9 + , 5 + ) strings: One SU(2) doublet χ describing two complex scalars in the (
• (5 − , 9 − ) and (9 − , 5 − ) strings: One SU(2) doublet χ ′ describing two complex scalars in
• (5 + , 5 − ) strings: Two Weyl spinors Ψ
• (5 − , 5 + ) strings: Two Weyl spinors Ψ
• (9 + , 9 − ) strings: Two Weyl spinors Ψ
• (9 − , 9 + ) strings: Two Weyl spinors Ψ
• (5 + , 9 − ) and (9 − , 5 + ) strings: One Weyl spinor λ in the (
• (5 − , 9 + ) and (9 + , 5 − ) strings: One Weyl spinor λ
Now we show that the gauge theory for the D9 ± -D5 ± system can be obtained as a projection of the analogous supersymmetric gauge theory of the type IIB theory, i.e. a N = 1, D = 6 supersymmetric gauge theory. We start with two vectormultiplets in the adjoint of U(2N 1 ) and U(2N 5 ) together with two hypermultiplets in the same representation of the gauge groups. These fields can be written as a vector gauge field, two Weyl spinors and four scalars, i.e. (A The D9 ± -D5 ± field theory is obtained by a Z 2 projection of the above theory. We take the Z 2 action to be (−1) F I where F is the fermionic number and I is the conjugation by Diag(I, −I) where I is the N 1 × N 1 or the N 5 × N 5 identity matrix [18] . This projection breaks the gauge symmetry U(
The action of this projection on the fields (A
(n,n) ) of our theory and it is similar to the D3 ± -brane case discussed in [18] . To determine the action on the hypermultiplet (χ, λ) we decompose these fields in
together with the (−1) F action leaves us with the fields χ, χ ′ and λ, λ ′ previously discussed.
To calculate the entropy associated with the gravitational background (3.16) we assume that the dynamics of this black hole is determined by the strings stretching between D1 ± -and D5 ± -branes. This is analogous to what happens in the type IIB case. Thus, the system is described by 2 × (4N 1 N 5 ) massless bosons arising from the fields χ and χ ′ and by 2×(4N 1 N 5 ) massless fermions arising from the fields λ and λ ′ , where we are considering the reduction of our gauge theory to two dimensions. Hence, we have a conformal field theory with central charge c = 2 × (4 + 2)N 1 N 5 . This effective theory has to be conformal because of the AdS 3 character of the dual type 0B background. If we excite this system with N L,R units of left-and right-moving momentum, we have the usual asymptotic formula for the entropy
which is valid for N L,R ≫ N 1 N 5 and exactly reproduces the result (3.19) . The previous condition may be relaxed by considering winding D-branes [33] . Finally, we justify the assumption that the black hole dynamics is determined by open strings stretching between D1 ± -and D5 ± -branes. We assume that the dual field theory is the projection (−1) 
where we are using the notation in [20] . The indices a, b, c run over the gauge group generators of U + (N 1 ) and U + (N 5 ) and the indices a ′ , b ′ , c ′ of U − (N 1 ) and U − (N 5 ). To define a vacuum of this theory we must set the potential 5) to zero. This gives 2 × (3N
) conditions. The number of independent gauge transformations is 2N It is interesting to relate the above description to the instanton moduli space approximation of [26] . In the latter description we view the D1 ± -branes as instantons in the D5 ± -branes gauge theory. This theory is the U + (N 5 ) × U − (N 5 ) six-dimensional gauge theory with four adjoint scalars and four bifundamental Weyl spinors (two in the (N 5 , N 5 ) and two in the (N 5 , N 5 )). The N 1 D1 ± -branes are seen as instantons in this gauge theory with instanton number ν = N 1+ + N 1− = 2N 1 . Our results predict that the moduli space of these instantons is given by a conformal field theory with 2 × (4N 1 N 5 ) species of bosons and 2 × (4N 1 N 5 ) species of fermions, i.e. with central charge c = 12N 1 N 5 .
Conclusion
Let us start by summarizing the results presented in this paper. We started by considering intersecting D-branes in type 0 string theory. We calculated the cylinder amplitudes for intersecting Dp-and Dp ′ -branes with the result that open strings terminating on + (or −) charged D-branes give worldvolume bosons while open strings terminating on a + charged D-brane and on a − charged D-brane give worldvolume fermions. We concluded that the intersecting rules for the Dp ± -brane bound states are identical to the intersecting rules for the D-branes of the type II theories. In the remainder of this paper we analyzed in detail the D5 ± -D1 ± brane system of the type 0B theory. We showed that the near-horizon geometry for this D-brane bound state is the AdS 3 × S 3 × T 4 space (the AdS 3 factor may be replaced by the BTZ black hole) which was argued to be a stable and exact solution of the type 0B gravitational equations. We proceeded by describing the worldvolume field theory on this D-brane system. It turned out that this gauge theory is a Z 2 projection of the analogous theory for the D5-D1 brane system of the type IIB theory. By projecting the Higgs branch of the latter theory we correctly reproduced the Bekenstein-Hawking entropy formula calculated in the gravitational analysis. Note that this agreement between the gravitational and microscopic entropy calculations may be seen to arise because the type 0B theory is a orbifold of the type IIB theory. As a consequence, the gravitational solution is similar to the type IIB case but with the doubling of the R − R fields, while the gauge theory is obtained by a Z 2 projection of the type IIB D5-D1 gauge theory. Finally, we note that because the rules for intersecting the Dp ± -brane bound states are the same as for the type II theories, there are many results that are expected to hold in the type 0 theories. In particular, we expect to have D = 4 black holes corresponding to other intersecting Dp ± -branes, e.g. four intersecting D3 ± -branes [34] . Also, we expect to have rotating black holes [35] . Furthermore, we expect that more generally the Dp ± -branes can intersect at SU(N) angles [36] . The corresponding gravitational background can be derived by using the results in refs. [37, 38, 39] . Also, there should be bound states of branes with constant worldvolume magnetic fields and corresponding black hole solutions [40] .
